Abstract Conformational stability of various 5-substituted orotic acid derivatives was studied by applying linear free energy relationships (LFER) to the 13 C NMR chemical shifts. The correlation analysis for the substituent-induced chemical shifts (SCS) with inductive (r I ), and various resonance (r R ) parameters were carried out through Single Substituent Parameter (SSP) and Dual Substituent Parameter (DSP) methods, and multiple regression analysis. Good Hammett correlations for all carbons were obtained, while electrophilic substituent constants better fitted for C2 carbon with electron-donor substituents. Conformational analysis of various derivatives using RB3LYP/6-311 ++G (3df,3dp) DFT method, together with 13 C NMR data suggests that most of the substituted orotic acid derivatives exist in planar conformation, except nitro and alkyl substituted derivatives. Internal rotation of carboxylic group showed significant impact on the extent of conjugative interaction making syn conformation more stable in all the derivatives studied. Further, of all 5-substituted orotic acid derivatives, diketo form proved to be the most stable form compared to zwitterionic and enol tautomeric forms. Optimized geometries and transmission effects of particular
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Introduction
Orotic acid is a precursor of biologically important pyrimidine derivatives, pyrimidine nucleotides and nucleic acids. The chemistry of orotic acid (2,6-dioxo-1,2,3,6-tetrahydropyrimi dine-4-carboxylic acid) and generally pyrimidine derivatives has been intensely investigated for many years, because of their marked therapeutic properties (Machon and Jasztold-Horowork, 1976; Ko¨se et al., 2006; Behram, 2004; Machon and Jasztold-Horowork, 1981) . These compounds are applied in medicine as bio-stimulators, in the ionic exchange processes as well as in food protection, nutritional research and as anti-tumor agents (Behram, 2004; Machon and Jasztold-Horowork, 1981; Riviere et al., 2011; Ruasmadiedo et al., 1996) . In recent years there has been an increased interest in the coordination chemistry of orotic acid and the synthesis of corresponding metal complexes of 5-substituted derivative has been developed. Because of exceptionally interesting acceptor-donor properties of orotic acid (Kumberger et al., 1991; Yes ßilel et al., 2008) , and its 5-substituted derivatives they have been used for therapeutic purposes, and also for the use in materials chemistry (Kumberger et al., 1991; Yes ßilel et al., 2008; Classen, 2004; Rosenfeldt, 1998) . For example, it has been shown that orotic acid improves the energy status of injured myocardium by stimulating the synthesis of glycogen and ATP. A review on orotic acid derivatives used in metabolic supplement (vitamin B13) (Classen, 2004; Rosenfeldt, 1998) , physiological and pharmacological actions ( Van der Meersch, 2006) , and its metabolites analysis for diagnostic purpose (Bodamer, 2008) , has already been published. Physiological activities of orotic acid derivatives depend on their inherent electronic structure and they are influenced by the present substituents. Therefore the study of the transmission of substituent electronic effects through 5-substituted orotic acid could give better understanding of their structure-activity relationships.
The principles of liner free energy relationships (LFER) were applied to the 13 C substituted chemical shifts (SCS) data for substituted acids using the Single Substituent Parameter (SSP) or Hammett Eq. (1), and Dual Substituent Parameter (DSP) Eq. (2), in the form:
where SCS are the substituent chemical shifts (
13
C NMR chemical shifts of the corresponding carbon atoms, caused by a substituent relative to the unsubstituted compound), q, q I and q R are the proportionality constants reflecting the sensitivity of the 13 C NMR chemical shifts to electronic polar (inductive/field) and resonance substituent effects, r, r I and r R are the corresponding substituent constants, and h is the intercept. The calculated values q I and q R are relative measures of the transmission of inductive and resonance effects through the investigated system, respectively.
Density functional theory (DFT) was frequently used for geometry optimization, calculation of molecular properties and structure-activity relationship analysis (Bouklah et al., 2012; Tavakol, 2013) . Applied DFT calculations indicate most of the substituted orotic acid derivatives exist in planar conformation ( Fig. 1(a) ), except nitro and alkyl substituted derivatives where internal rotation of the plane of carboxylic group exists. The contributions from electronic substituent effects, and from the other factors that determine electron density shift, were discussed in relation to geometry and atomic charges found by DFT calculations. The most stable conformation of 5-hydroxy orotic acid is presented by the optimized structure in Fig. 1(b) .
In the present investigation, we have studied conformation of various 5-substituted orotic acid derivatives by measuring 13 C NMR chemical shifts and applying linear free energy relationships (LFER) data. Analysis of the molecular conformations of the substituted derivatives using RB3LYP/6-311++G (3df,3dp) DFT method, along with 13 C NMR data provides interesting insights into the influence of various substituents on the conformation and electronic density transmission through 5-substituted orotic acid derivatives.
Materials and methods

Materials
Orotic acid, 5-amino, 5-nitro and 5-iodo orotic acid were purchased from Fluka and Sigma-Aldrich. The 5-chloro (Gershon, 1962) , 5-bromo (Crosby and Berthold, 1958), 5-methyl, 5-ethyl, 5-propyl, 5-isopropyl (Borodkin et al., 1967) and 5-hydroxy orotic acid (Behram, 2004) were prepared by the known methods and had melting points in agreement with those in the literature, as well as satisfactory elemental analysis. 
Conformational analysis
The starting conformations of the molecular forms were obtained by semi-empirical MO PM6 method (Stewart, 2007) , with implicit DMSO solvation (COSMO) (Keywords: EF, GNORM = 0.01, EPS = 48 and NSPA = 92) using the MOPAC2012 TM program package. The VEGA ZZ 2.3.2 was used as the graphical user interface (GUI) (Pedretti et al., 2004) . Full geometric optimization has been performed using Gaussian 03 (Frisch et al., 2004) . The geometries of all molecular species, corresponding to the energy minima in vacuum, were optimized by the RB3LYP/6-311++G(3df,3dp) and RB3LYP/DGDZVP DFT methods. Because, the conformers may have different stabilities in vacuum and in condensed state, the conformational space was systematically searched for local energy minima starting from various conformations differing from the most stable one. The simulation of polar medium, with full geometry optimization, was done using scrf = (cpcm, Solvent = DMSO) option in Gaussian 03, for the two configurations (syn and anti) and its tautomeric forms. The use of these two basis sets is because of the iodine atom, and it is the largest standard basis set available in the Gaussian03. To avoid this limitation, the DGDZVP basis (Godbout et al., 1992; Sosa et al., 1992) , Stevens-Basch-Kra uss ECP triple-split basis (CEP-121G) (Cundari and Stevens, 1993) , and the Stuttgart-Dresden ECP basis (SDDAll) (Leininger et al., 1996; Cao and Dolg, 2002) were also used with the RB3LYP method. These basis sets have been previously tested on the uracil molecule.
Results and discussion
LFER analysis of the 13 C NMR data of 5-substituted orotic acids
In the present study eleven 5-substituted orotic acid derivatives, with general formula presented in Fig. 1(a) , were investigated. The group X represents H, NH 2 , OH, CH 3 , C 2 H 5 , C 3 H 7 , iso-C 3 H 7 , Cl, Br, I or NO 2 . The substituent induced chemical shift (SCS) values for the ring carbons as well as carboxylic carbon atom of the 5-substituted orotic acid derivatives, relative to the parent compound are presented in Table 1 .
The data from Table 1 suggest that the 13 C NMR chemical shifts depend on the nature of the substituents present at the 5-position of the orotic acid. The SCS values in Table 1 indicate that substituent in 5-position increases the electron density at C2 (upfield shift) and carboxylic carbon atom (except ANH 2 and AOH). Substituent exerts marked influence on the electron density at C4 and C5 carbon, while lower influence could be observed on the SCS of other carbons. Reverse substituent effect is operative at C2 (electron-acceptor), C6 and C‚O carbon.
Among factors contributing to the differences in SCS values, the geometry of the investigated acids could have appropriate significance regarding rotation of carboxylic group which could attain syn-and anti-conformation. Hilal et al. (2004) , found that according to computed geometries, orotic acid behaves as a free rotor around C4ACOOH bond and both the syn and anti conformations are equally probable. They reported that syn-anti isomerization of that bond in orotic acid has low energetic barrier of around 7.655 kcal/mol. However, it was found in present work, that syn-conformation is more preferable ( Fig. 1(b) ) for all 5-substituted orotic acids. Transmission modes of the electronic effects of substituent also strongly depend on the contribution of tautomeric forms. The oxo groups at the 2-and 6-position of orotic acid can theoretically undergo keto-enol tautomerism, and it was defined that six tautomeric forms are possible (Hilal et al., 2004) . According to the literature, the diketo (also called the ''dilactam") tautomer is the most stable form in gas phase and in solution (Hilal et al., 2004) . That was also confirmed in this study by DFT calculations. 5-Substituted orotic acids predominately exist in diketo form which is stable by more than 11.2 kcal/mol than next EnolN3(H) form. In our previous investigation, it was proved that this form was the most stable in vacuum as well as in N,N-dimethylformamide (Jovanovic´et al., 2000) .
In order to analyze transmission of substituent effect, the LFER analysis was applied according to SSP Eq. (1), and r p values from the literature (Kubinyi, 1993; Hansch et al., 1991) . The correlation results are given in Table 2 . The plots of SCS values for C2 and C4 carbons versus r p constants are presented in Figs. 2 and 3, respectively. In both cases, the plots gave two straight lines broken at r = 0, and reverse substituent effect was observed at C2 for electron-acceptor (Fig. 2) . The results of SSP correlation for all carbons with r p were of moderate to good precision, while that for C2 (electron-acceptor) was excellent. According to the observed q values for all carbons, it is apparent that chemical shifts of C4 (electron-donor) show an increased susceptibility to substituent effects, compared with the other carbons. Reverse substituent effect was observed for C2 (electron-acceptor), C6 Correlation results (Table 2) for C2 carbon for electrondonor indicate appropriate contribution of n,p-conjugation (N3 nitrogen lone pair participation) to overall electronic interaction within p 1 -and p 2 -units. Separate correlations for C4 carbon (Fig. 3) with r p (lines 3 and 4, Table 2 ) and positive values of both correlation coefficients indicate normal substituent effect, but of different quantitative values. Somewhat lower influence of electron-acceptor substituent on electron density changes at C4 carbon was observed, which could be consistent with opposite direction of electron-accepting character of C2 carbonyl group and substituent. Higher planarity of electron-accepting carboxylic group enables larger extent of electronic interaction with electron density at uracil ring, and could act in two ways, either increasing extent of n, p-conjugation ( Fig. 4; structure (a) and (b) ) or decreasing substituent electron-accepting power. High sensitivity and reverse polarization of the SCS for C6 carbon (Table 2 , line 5) suggest that contribution of p,p-and n,p-conjugation in p 1 -and p 3 -units is of appropriate significance depending on substituent present. Regarding proximity of substituent and carbonyl group at C6 carbon indicates that field effect through space could be significant, and probably its contribution is determined by induced dipole at both, substituent and carbonyl groups.
Although SSP analysis uses an additive blend of inductive and resonance parameters of substituents given as r p or r þ p values, it presented a satisfactory description of substituent electronic effects in correlations using Eq. (1). Evaluation of the separate contributions of inductive and resonance effects of substituent (X), the regression according to the Eq. (2), DSP analysis, with r R o , r R , r þ R substituent constants (Kubinyi, 1993; Hansch et al., 1991; Exner, 1981) was carried out, and the results are given in Table 3 .
Generally, both, polar and resonance substituent effects have different contribution at all carbon atoms (Table 3) . The results of DSP fits were similar to SSP correlations or even slightly better. The observed q I and q R values for C2 carbons indicate significantly higher contribution of the resonance effect for electron-donor (Table 3 ; line 1). Polar effect showed significant contribution at C6 carbon, and for other carbons it showed a noticeable alternation regarding particular carbon position in molecular structure of the investigated derivatives. The extent of observed alternation provides evidence for the transfer of substituent effects by the polarization mechanism. This is particularly apparent for the carbons where q I is larger and/or negative. It could be observed that p-polarization mechanism is operative within carbonyl group in p 2 -and p 3 -units, as well as carboxylic group. These observations indicate that extent of p-polarization depends on spatial orientation of polarized carbonyl groups, as well as induced substituent dipole orientation. It should be noticed that the presence of electron-donor substituent supports transfer of electron density from p 1 -unit (Fig. 5e ) causing high sensitivity of C2 carbon. Significant contribution of q R was observed for C2 and C4 (electron-donor) as well as C‚O carbons, which indicate significant p,p-electron transfer to those carbons. Resonance effect has highest contribution at C2 carbon, considering p 1 -and p 2 -units, having k value of 3.57 for C2 Figure 4 Mesomeric structures of electron-acceptor substituted orotic compounds (a)-(c), with a contribution of p-polarization (d). (electron-donor). These results unequivocally suggest that p 1 -unit, as an individual electronic entity, is an important factor for the detail analysis of transmission modes of substituent effects on the 5-substituted orotic acid derivatives.
It was also noted that q I and q R are negative for C2 (electron-acceptor), C6 and C‚O carboxylic carbons, while those for other carbon atoms are positive. A negative sign of q I indicates reverse SCS effect, i.e., inductive electronacceptor substituents cause an upfield shift, which has been explained due to p-polarization (Bromilow et al., 1981) . Similar effect has been observed in other systems that contain a conjugated side chain: N-1-p-substituted phenyl-5-methyl-4-carboxy uracils (Assaleh et al., 2007) , 3-aryl-2-cyanoacryl amides (Bhattaharya et al., 1985) , N-benzylidenanilines (Akaba et al., 1985) , 2-substituted-5-N 0 ,N 0 -dimethyl aminophenyl-N,N-dimethyl carbamates (Rittner et al., 1999) , 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)pyridones (Marinkovic´et al., 2009 ).
As it is cited in the literature, p-polarization of a distant electronic system by substituent dipole need not be transmitted via an interventing p-system (Bromilow et al., 1981) , and theoretical results have also demonstrated that a substituent dipole acts mainly in polarizing each of the p-units individually (Brownlee and Craik, 1981) , defined as ''localized polarization" (direct p-polarization). On the other hand, the terminal atoms of a conjugated p-system show some additional polarization of the whole p-network, which is known as ''extended polarization". Taking into account previous discussion, the transmission of substituent electronic effects could be presented by mesomeric structures (Fig. 4(a)-(c) ) of the electron-acceptor substituted orotic acids with contribution of p-polarization ( Fig. 4; structure d) .
Considering resonance structure presented by parent orotic acid structure shown in (Fig. 4(a) ), for electron-acceptor substituted orotic acid, a dipole on X (or near the C-X bond) is induced (Fig. 4(d) ), and interaction of this dipole through molecular cavity results in the polarization of defined p-units (localized polarization). The interaction of this dipole through the space of the molecular cavity induces reverse polarization of both carbonyl groups, in ortho-and para-position with respect to N3 atom (Fig. 4(b) ). Resonance interaction within p 2 -unit (n,p-conjugation), presented by resonance structure in Fig. 4(c) , could be of appropriate significance and oppositely oriented with respect to interaction within p 1 -enone system (Fig. 4(a) ; p,p-conjugation). The net result is that the electron-acceptor substituents increase the electron density about the C2 (electron-acceptor), C6 and carbonyl carbon of carboxylic group and, hence, increase the shielding. It means that extent of resonance interaction within p 1 -unit is of utmost significance causing reverse polarization of carbonyl groups, facilitated by planarity of carboxylic group-uracil ring.
Electron-donor substituents via their +R effect transmitted through the p 1 -enone system increase the electronic density at the C4 carbon ( Fig. 5(a) ), shifting the corresponding signal at C4 carbon toward higher magnetic field (Table 1) . This considerably increases the extent of n,p-conjugation of N3 lone pair with p-electron of C2 carbonyl group (Fig. 5(b) ), as well as conjugation with carboxylic group as shown in Fig. 5(d) . Results from Table 3 also show that +R resonance effect has high contribution at C2 carbon, and probably, may be achieved by resonance and field induced p-electron transfer modes (Fig. 5(a) and (b)) (Subbarao and Bray, 1977) . High contribution of resonance effect of substituent at C4, in accord with the corresponding q value of 32.360 (Table 3 ; line 4), indicates that substituent effect on the electron density shift to the C4 atom could be presented as depicted in Fig. 5(a) . The increased electron density on the C4 atom favors the delocalization of the free electron pair from N3 nitrogen atom toward the C2 atom (see Fig. 5(b) ; n,p-conjugation), and in this way electron density at the C2 atom increases as the electrondonating power of substituent increases. Namely, the conjugation that involves the N3 nitrogen lone pair and p-electrons from the C2‚O carbonyl group is possible only if the appropriate geometrical adjustment could provide overlap of the N3 lone pair and C2‚O p-electron (Fig. 5(b) ). Alternatively, increased electron density at C2 atom could be explained Figure 5 Mesomeric structures of electron-donor substituted compounds (a-e).
through increased contribution of the EnolN 1 (H) tautomer (Hilal et al., 2004) , which is less probable according to DFT calculation.
Geometries of 5-substituted orotic acid: DFT calculation
Geometry optimization of the 5-substituted orotic acid derivatives shows small deviation of carboxylic group from the planarity with respect to the uracil ring (Table 5 ; angle h). On the basis of MO calculations (HOMO orbitals), electrondonors polarize p 1 -unit, and increased electron density further acts as an extended p-donor supporting transmission of substituent effect to the C2 and carboxylic carbons (Fig. 5(b) and (c)). In other words, shielding effect of electron-donor at C2 carbon is indeed a type of a ''push-effect" caused by increased electron density at p 1 -unit (Fig. 5(e) ). Oppositely, electron-acceptor withdraws electron density increase shielding at C2, C6 and carboxylic carbon. Induced dipole on X or within p 1 -unit (Fig. 5(e) ), could interact through the space with electron density of p 1 -unit (field-induced polarization), and through overall p-electronic system contributing to large differences in the q I values for all the carbon atoms (Table 3) . Direct field effect depends on distance between substituent and carbon center under consideration, and should be important factor as well orientation of the CAX bond. Additional support to assess the effect of substituent on the transmission modes of substituent effects was obtained from calculation of elements of their optimized geometries (Table 4 ) and atomic charges (Table 5 ) of the most stable diketo tautomer, obtained by the use of DFT MO calculation method.
General conclusions obtained from present investigation about higher stability of diketo form are in accordance with the literature data (Hilal et al., 2004; Brownlee and Craik, 1981) , both, in gas phase and solution. Creation of zwitterion, transfer of carboxylic proton to N3 atom is accompanied by major geometry deformation, while proton transfer involved in creating different enol forms (Hilal et al., 2004) produces very limited geometry changes having higher energetic content than corresponding diketo form. On the basis of the values of geometric parameters for 5-substituted orotic acid derivatives (Table 4) , it could be observed that introduction of an electron-withdrawing carboxylic group, comparing to uracil analogue (Hilal et al., 2004) , causes a marked geometrical variation. Some characteristic consequences of substituent effect on geometries of 5-substituted orotic acids, comparing to unsubstituted one, are summarized as follows:
1. The N3AC4 and C4AC5 bonds length gets longer in electron-donor and electron-acceptor substituted compounds (except N3AC4 for nitro substituted compound). This result is an additional support of extensive conjugation operative in p 1 -unit, i.e., electron-density shift toward C4 carbon in electron-donor substituted compounds (p,pconjugation), causing an increases in overlapping at these bonds. These facts are clearly observable from high value of correlation coefficient q R for C2 and C4 (Table 3 ; lines 1 and 4), suggesting that extensive conjugation is operative within p 1 -unit. Significant decreases of C2AN3 bond length, in electron-donor substituted compounds, is a crucial evidence of a contribution of n,p-conjugation (Fig. 5  (b) ). In electron-acceptor substituted compounds N3AC4 and C4AC5 bonds length increase is in accordance with electron-accepting power of substituent. It means that n, p-conjugation (Fig. 4(c) ) gives an appropriate balance with respect to substituent electron-accepting effect (Fig. 4(a) ). Specific behavior of amino and hydroxy derivatives is a consequence of intramolecular hydrogen bond creation of substituent with syn-oriented carboxylic group ( Fig. 1(b) ). 2. Existence of conjugative transfer of electron density toward carboxylic group from uracil ring could be clearly observed from C4AC‚O bond length changes. Electron-donor supports electron density shift (Fig. 5(c) ) from p 1 -unit toward carboxyl group causing significant decrease in C4AC‚O bond length as substituent electron-donating power increases, and opposite is true for electron-acceptor ( Fig. 4(a) ). 3. Considering C5AC6 and C6AN1 bond lengths, irregular changes could be noticed. Bond C5AC6 is an intermediary bond between p 1 -and p 3 -unit and thus reflects influences of all factors, which contribute these bonds overlap changes influenced by electronic effects from p 1 -and p 3 -units. However, C6AN1 is a part of p 3 -unit and primarily reflects extent of n,p-resonance (Fig. 5(e) ) influenced by substituent. 4. Intermediary bond N1AC2, similar to C5AC6, shows irregular behavior, while C2AN3 bond length shows high dependence on contribution of n,p-resonance effect (Fig. 4(c) ) and field effect presented in Fig. 5(c) .
A quite satisfactory agreement of the geometry element for orotic acid from the literature (Hilal et al., 2004) , with those obtained in this study could be observed.
Mulliken's atomic charge: LFER study
Additionally, results of calculation of atomic charges (Mulliken's charge) of various 5-substituted derivatives are presented in Table 5 . To get better insights into the substituent effect on the polarization of the p-units, the changes of the atomic charges at uracil atoms were studied.
The correlation results of the atomic charges with r p using SSP equation are presented in Table 6 , and show that substituent effect on the charge of all uracil atoms supports the results obtained by LFER correlation of SCS, but of significantly lower values.
The slopes of correlation lines of the q N1 and q C5 of 5-substituted orotic acid derivatives are negative. The negative sign means reverse behavior, i.e., the value of atomic charge on the appropriate atom decreases, although the electron-withdrawing ability of the substituents, measured by r, increases. Previous discussion strongly indicates the utmost significance of the resonance interaction within p 1 -unit on the transmission of substituent effects through studied molecules as a whole. Normal substituent effect was observed at C4 and reversed at C‚O carbon what is an indication that substituents in different way influence pelectron densities at those neighboring carbons. Exception to this is a highest and negative value of the regression coefficient for q C5 which shows overall trend of electron density shift toward that carbon for electron-acceptor substituted compounds.
Conclusions
From the presented results it can be concluded that the application of LFER analysis to 13 C NMR data in 5-substituted orotic acids appears to be a straightforward method for the correlations of SCS values with appropriate substituent constants. Polar effect (inductive/field) is significantly different depending on the carbon position. It has slightly higher contribution at C6 keto uracil carbons, and depends on keto group position. Reverse polarization at C2 (for electron-acceptor), C6 and carboxylic carbon has been noticed as a consequence of p-polarization. Resonance effect is a dominant factor at all studied carbon atoms of the uracil ring, except for C6 and C2 for electron-acceptor. Highest contribution of resonance effect at C2 carbon indicates significant contribution of extended resonance interaction to overall effect of electron-donor substituent effects through p 1 -resonance system toward C2 carbon. DFT calculation indicates planarity of investigated orotic acid derivatives, except nitro and alkyl substituents. Internal rotation of carboxylic group has significant impact on the extent of conjugative interaction, and syn form is more stable due to decreased dipole-dipole interaction rather than substituent influences. The diketo form of 5-substituted orotic acids is more stable than zwitterionic and enol tautomeric forms. Optimized geometries of investigated compounds and transmission of particular substituent effects through welldefined p-resonance units, indicate that these units behave as isolated as well as conjugated fragments depending on substituents present in the corresponding derivatives.
